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S
tructural transitions of proteins and RNA constitute an important aspect of cellular function and information transfer. In proteins, the kinetics of these structural transitions, mainly from an unfolded ensemble to a single unique folded state, can be investigated by hydrogen exchange experiments monitored by NMR spectroscopy (1) . Such studies have profoundly influenced our understanding of protein-folding pathways. In hydrogen exchange experiments, labile hydrogen atoms become protected against exchange with the bulk solvent during folding. This acquired exchange protection indicates formation of a persistent structure at atomic resolution. Incorporation of structural information derived from exchange experiments into molecular dynamics (MD) simulations (2) , including data from methods exhibiting time and atomic resolution together with -value analysis (3) derived from mutational work, has provided detailed structural information of intermediates populated during folding.
RNA molecules can adopt a variety of secondary and tertiary conformations (4, 5) . In general, the energetic difference between alternate RNA conformations is very small, and the equilibrium distribution is strongly affected through the binding of proteins (6) , ions (7), or small metabolites (8) (9) (10) , or by structural modifications (11) . Alternate RNA structures are stabilized by different Watson-Crick base-pairing interactions (12) . To date, RNA folding has been investigated by using x-ray footprinting (13) , oligonucleotide hybridization, and classical biochemical methods in conjunction with mutational data (14) . Although hydrogen exchange rates can be used as reporters of RNA ground-state dynamics and stability (15) (16) (17) , RNA hydrogen exchange experiments conducted in a pulse-chase manner fail in most cases because of the high intrinsic exchange rates observed even in folded RNA structures.
Here, we report on ligand-induced conformational changes of an RNA at atomic resolution by using real-time NMR methods. We investigated the hypoxanthine-induced folding of the guanine-sensing riboswitch aptamer domain (GSR apt ) of the Bacillus subtilis xpt-pbuX operon (18) . Riboswitch RNAs have emerged as an important example of macromolecular structural transitions that lead to transcriptional or translational regulation of protein expression induced through the specific binding of a metabolite (reviewed in refs. 19 and 20) . Riboswitches are located in the 5Ј-untranslated region (5Ј-UTR) of bacterial mRNA and consist of a highly specific metabolite receptor region (aptamer domain) coupled to a 3Ј-downstream sequence (expression platform). Gene expression is thought to be modulated in response to conformational differences between the ligand-bound and ligand-free conformations of the aptamer domain (21) . Crystal structures of the ligand-bound aptamer domains belonging to the class of purine riboswitches (guanineand adenine-sensing riboswitches) have revealed the presence of complex tertiary structures (22, 23) . The heterocyclic ligand in these RNA-ligand complexes is almost completely embedded within the RNA through interactions between the RNA and almost all of the ligand functional groups (24) . The guaninesensing riboswitch binds the ligands guanine (K d Ϸ 5 nM) and hypoxanthine (K d Ϸ 50 nM) (18) with high affinity and specificity. The mode of molecular recognition for both ligands is the same (22, 23) . To date, kinetic and thermodynamic studies concerning the ligand-induced structural rearrangement within the aptamer domain of the adenine-sensing riboswitch have revealed a folding event that operates on a slow time course over a period of seconds in the presence of Mg 2ϩ ions (25) (26) (27) .
We successfully trapped the ligand-free conformation of the riboswitch RNA through the use of a caged ligand. The application of photolabile ''caged'' compounds, which allows for the fast release of initially blocked functional groups and subsequent detection of the reaction time course, has been used in real-time NMR studies to investigate protein (28, 29) and RNA folding (30) . Laser-induced deprotection within the NMR tube by direct coupling of laser optics (28, 30) allows for in situ photochemical release of ligand, thereby resulting in fast initiation and subsequent NMR spectroscopic detection of binding events with residue-specific resolution. After ligand release, three distinct kinetic steps associated with ligand-induced folding of GSR apt could be delineated. Incorporation of time-resolved NMR data into experimentally restrained MD simulations provided insight into the conformational behavior of the RNA structural ensembles involved in each step.
Results

Two-
Step Specific Binding of Ligand to GSR apt . To prevent binding of the small molecule metabolite to GSR apt -RNA, the ligand hypoxanthine was caged [O 6 -[4,5-dimethoxy-(2-nitrophenyl) ethyl]-hypoxanthine (DMNPE-hypoxanthine)]. (Here, we used the ligand hypoxanthine and its photocaged derivative instead of guanine for solubility reasons.) The photolabile protecting group blocks the Watson-Crick site of the purine ligand known to be essential for ligand recognition and binding to the RNA. Based on the imino proton assignment of GSR apt (31) , the 1 H-NMR spectrum of the RNA in the presence of DMNPE-hypoxanthine before photolysis indicated that formation of the RNA-ligand complex is completely suppressed. In contrast, in the time series of NMR spectra recorded after laser irradiation, imino proton signals appeared with increasing intensity representing the ligand-bound state after folding of the RNA, whereas signals corresponding to the ligand-free state decreased ( Fig. 1 a and c;  SI Fig. 6 ).
The GSR apt -RNA comprises 73 nucleotides and is at the upper size limit for NMR analysis (32) . To obtain site-resolved information by one-dimensional real-time NMR methods, selective isotope labeling of the RNA in combination with NMR filter experiments (33) was used. In addition, the signal-to-noise ratio is optimized by selective excitation of imino spin magnetization under Ernst-angle conditions (34) . Alternate 14 Fig. 7 and SI Text). Thus, the time constants reflecting the kinetics of the ligand-induced conformational changes for a large fraction of individual nucleotides could be analyzed.
In general, NMR detects imino proton signals only if they are protected from exchange with solvent because of the formation of hydrogen bonds. Inaccessibility due to hydrophobic or steric exclusion is rare for RNA. Analysis of the water exchange rates for the imino proton signals of the free RNA and the RNAligand complex showed identical values for residues located within persistent secondary structure. Therefore, the kinetics induced by ligand binding exclusively reflect structural changes between ligand-free and ligand-bound conformations (see SI Fig. 8 and SI Text for experimental details).
The site-specific half-lives [t 1/2 (s)] for individual signal intensities fell into two different time regimes. Analysis of the kinetic data associated with the ligand-bound RNA structure (22) showed that the observed rates can be related to residues that cluster around two distinct structural elements in the riboswitch RNA (Fig. 2) . A faster time course with t 1/2 in the range 18.9-23.6 s is observed for residues that are directly involved in formation of the ligand-binding pocket (Figs. 2 and 3; SI Fig. 9 ). These include nucleotides U51, U47, and U22 with t 1/2 values of 22.1 Ϯ 1.4 s, 21.2 Ϯ 1.9 s, and 18.9 Ϯ 1.3 s, respectively, that form direct hydrogen bonds with the ligand. In addition, the binding pocket also comprises several base triples flanking the base quadruple formed by hypoxanthine with residues involved in direct hydrogen bonds. The imino proton signals U75, U20, and U49 of the two base triples situated below (base triple A21OU75⅐C50 and base triple U20OA76⅐U49) showed t 1/2 values of 23.1 Ϯ 2.7 s, 20.3 Ϯ 2.1 s, and 23.5 Ϯ 1.9 s, respectively. Above the ligand-including base quadruple, a water-mediated base triple is formed (U22OA52⅐A73) and another base triple with residues A23⅐G46OC53 completes the binding pocket. The NMR resonances of residues U20, U22, and U51 were not resolved from those of residues U34, U77, and U67, respectively. However, faster kinetics of nucleotides in the core region dominated the kinetic behavior of signals U34, U77, or U67 that are all part of the loops or helices of the RNA. As for the ligand hypoxanthine, the half-life measured for the N9-bound proton signal H9 was 23.1 Ϯ 3.9 s, whereas that of the N1-bound proton signal H1 could not be determined because of an insufficient signal-to-noise ratio. Hence, the ligand revealed kinetics similar to the RNA signals of the core segment involved in its recognition.
In contrast, a slower process in the time range of 27.1-30.7 s was observed for nucleotides in helices P2 and P3 and in the loop-loop region (L2 and L3) of the RNA (see SI Fig. 9 ). The loop-loop interaction is characterized by two base quadruples formed by residues in L2 and L3, respectively (G38OC60 and A33⅐A66, and G37OC61 and U34⅐A65) (22, 23) . Analysis of time-resolved NMR data for G38 and G37 (overlapped signal of G37/G38/G45, but all residues being located in the loop or helical region) revealed a t 1/2 value of 27.1 Ϯ 2.3 s, and U34 could not be analyzed because of signal overlap. In addition, residue G31, which forms part of the loop L2 closing base pair, and nucleotide U26, which forms part of helix P2, showed slow half-lives with t 1/2 values of 28.8 Ϯ 4.8 s and 30.6 Ϯ 3.0 s, respectively.
For a number of RNA imino proton resonances, no chemical shift changes in the ligand-free and ligand-bound forms were observed. This related to residues G79, G80, U81, and G14 of the lower part of helix P1, suggesting that the structure surrounding this helix remains constant during the ligand-induced structural transitions (Fig. 3c) .
A Low-Affinity Ligand-Binding Event Precedes the Folding Toward the
Ligand-Bound Structure. Given the slow time scale associated with specific ligand binding to the riboswitch RNA, we considered whether low-affinity binding events preceded specific binding and subsequent folding toward the ligand-bound structure. To this end, useful information can be obtained from the analysis of NMR line widths. The line widths of the nonexchangeable 13 C-bound proton signals H2 and H8 of the (isotope-labeled) ligand were recorded for hypoxanthine free in solution and hypoxanthine tightly bound to the GSR apt in the RNA-ligand complex. In addition, the line widths of the same hydrogens were determined for hypoxanthine in the presence of the adeninesensing riboswitch aptamer domain (ASR apt ) of B. subtilis pbuEmRNA. The ASR apt is similar to GSR apt , both in sequence and tertiary structure (19, 31) . However, ASR apt contains a U residue at position 74, but the same position is occupied by a C residue in GSR apt . This single mutation is thought to account for the recognition of adenine by ASR apt through formation of an intermolecular Watson-Crick base pair. ASR apt , however, showed significantly reduced affinity for the purine base hypo-
The line width of free hypoxanthine was found to be 7.5 Ϯ 1.0 Hz and increased to 31.5 Ϯ 0.6 Hz in the presence of GSR apt , as expected for a tight RNA-ligand complex in slow exchange. Remarkably, in the presence of ASR apt , no chemical shift changes were found, but line broadening was observed for the hypoxanthine proton signals. The observed line width was between the values monitored for the free ligand and for hypoxanthine complexed with GSR apt (Table 1 ). The line width of 11.5 Ϯ 0.5 Hz for hypoxanthine in the presence of ASR apt indicates low-affinity binding, consistent with millisecond offrates due to exchange between the ligand-free and ligand-bound forms that is fast on the NMR time scale (Fig. 4) .
The same experiments with the purine base adenine showed an identical line-broadening effect for the ligand signals in the presence of the GSR apt . In contrast, the line widths of both ligands, hypoxanthine and adenine, in the presence of an RNA construct that lacks the binding site but exhibits the structural elements helices P2 and P3, and loop regions L2 and L3 were only 9.6 Ϯ 1.3 Hz and 10.3 Ϯ 0.6 Hz, respectively (Table 1) . Thus, the assumption of a low-affinity interaction with the ligand binding site in the purine riboswitch RNAs is confirmed and a general transient binding to random RNA can be neglected.
Translation of Kinetic Rates into Structural Information. We previously showed that in the free form of the riboswitch RNA helices P1, P2, and P3 are preformed and adopt a canonical A-form helix conformation. The core region of GSR apt is, in essence, unstructured in the absence of ligand. In contrast, the loop-loop interactions between L2 and L3 (Fig. 2) are present in the ligand-free state (31) . However, small chemical shift changes of the nucleotides that form the loops indicate variations in the vicinity of this structural element on ligand binding. Our kinetic results here indicate that on ligand binding, the GSR apt folds in a three-state process, in which fast low-affinity binding precedes productive binding of the ligand to the core region of the aptamer domain, followed by a slower process that involves tightening of the tertiary structure involving nucleotides in helices P2 and P3 and the loop-loop regions L2 and L3.
To translate the kinetic rates into structural information, we used our experimental NMR data as restraints in MD simulations akin to strategies used in the protein folding field. We calculated three different structural ensembles in restrained MD simulations based on the clustering of kinetic rates around distinct regions of the aptamer domain (Fig. 2) . If an NMR imino proton signal identified by its native chemical shift could be detected, it is reasonable to assume that persistent native hydrogen bonding has been formed. Therefore, the restrained MD simulations starting from a completely randomized RNA chain incorporated native hydrogenbonding patterns (Fig. 4) when detectable. For the ensemble of structures representing the free form of the RNA, residues identified by NMR to be involved in tertiary interactions were restrained (see SI Fig. 9 and SI Table 2 ) and regarded as being similar to the interactions determined from the x-ray structure of the ligandbound complex (22) . For the second ensemble, additional restraints were included that represent the native distances for residues that showed faster folding kinetics (nucleotides U22, U47, U49, U51, and all residues that are in close proximity to hypoxanthine in the folded form). In generating the third ensemble, all residues were restrained to adopt their native conformation consistent with the NMR data and the results of the kinetic experiments. An ensemble exhibiting the native structure of the RNA-ligand complex was thus obtained.
The experimentally restrained molecular dynamics revealed that, during ligand-induced folding, the relative orientation of the helices becomes defined in a two-stage process. The loop-loop interaction in the free form of the RNA is not sufficient to stabilize the entire fold. Therefore, the free form of GSR apt needs to be described as a broad structural ensemble with undetermined relative orientation of the helices resulting in a wide conformational distribution. Although the basepairing interaction in the loop-loop region is preformed in the ligand-free state, these interactions are not sufficient to completely lock the position of the helices in a defined orientation, because nucleotides in L2 and L3 that do not contribute to direct contacts between the loops allow for sampling of a wide conformational space. This observation is consistent with increased line widths of imino proton signals in the ligand-free form of the RNA compared with the ligand-bound form (36) . The MD simulations suggest that the mean interhelical angle between helix P2 and helix P3 is close to 30.1°, derived from the x-ray structure of the RNA-ligand complex, but f luctuates between 15°and 166° (Fig. 4c) . Binding of the ligand to the core region of the RNA tightens the complex and decreases f luctuation of the interhelical angle. However, f luctuations of the relative orientation of the structural elements were observed (helix-helix angles between 10°and 50°). The final compact conformation, similar to the one displayed by the x-ray structure, is formed in the slowest folding step when all residues, including those exhibiting a slow folding rate, are restrained to their native conformation.
Discussion
Here, we show that time-resolved NMR spectroscopy can be used to characterize the folding of a sizable RNA molecule. Use of time-resolved NMR data in combination with MD simulations can provide an atomic model of RNA conformational transitions as demonstrated here for the ligand-induced RNA folding of the aptamer domain of a guanine-sensing riboswitch.
In our approach, the reaction was initiated by exposure of a photolabile caged ligand to light. We used a similar approach to induce refolding in RNA model systems of smaller size in refs. 30 and 37. Furthermore, other cofactors such as metal ions could also be used in a caged form to trigger structural transitions in biomolecular systems (38) . Light-induced initiation of structural transition events has the advantage of providing experimentally reproducible and precisely controlled conditions, such that multiple experiments can be coadded as done in refs. 28 and 29 and here. However, the optical density places an upper limit on the concentration of sample that can be used. Currently, we use 0.25 mM caged hypoxanthine with a laser irradiation of 1.5 s, gaining an optimized deprotection yield of 80%. The experimental conditions described here result in the fast release of ligand in adequate concentration, providing a suitable signal- Summary of line width values obtained for 13 C, 15 N-labeled ligands in The RNA constructs include the guanine riboswitch aptamer domain (GSR apt ), the adenine riboswitch aptamer domain (ASR apt ), and an RNA construct (helix P2&P3 RNA), which consists of the structural elements helices P2 and P3 and loops L2 and L3 but lacks the ligand binding site of the purine riboswitches (see SI to-noise ratio to observe RNA-ligand complex formation in a time-resolved manner. All NMR data obtained postrelease indicate that the final ligand-bound state is consistent with structural data of the RNA-ligand complex (22) .
To resolve signals associated with individual nucleotides, application of an RNA isotope-labeling scheme in combination with use of an appropriate NMR methodology was essential in allowing us to resolve 30 of 35 imino proton signals of this sizable RNA-ligand complex. Because of limitations in the signal-tonoise ratio and because some signals are unaffected by ligand binding, we were able to analyze the kinetic rates for 11 of these signals. The observed time constants, in general, are in agreement with the time constants derived from fluorescence techniques (25, 26) . The site-and time-resolved NMR methodology presented here can delineate the global folding behavior of the RNA molecule as a sequential model, detailing the different aspects of structure formation involved (Fig. 4) . Generating such a model using other NMR techniques, such as those employing relaxation dispersion measurements (39) , is unfeasible given the slow time scale of the conformational transition.
We also investigated the initial encounter complex of the ligand and the riboswitch RNA by using the aptamer domain of the adenine-sensing riboswitch (ASR apt ) as a model, to which hypoxanthine binds with low affinity. The chemical shift values for hypoxanthine in the presence of ASR apt are identical to the ones found for the free ligand. In addition, the imino proton spectrum of ASR apt shows no changes compared with the one of the ligand-free conformation of the RNA. Hence, the NMR data support the reported lack of specificity of the adenine-sensing riboswitch for the ligand hypoxanthine. However, the NMR resonances of hypoxanthine in this complex are broadened consistent with a model in which hypoxanthine weakly interacts with the RNA target. Additional experiments with an RNA construct that lacks the part of the ligand binding region known to be crucial for specific recognition of the ligand (denoted as helix P2&P3 RNA, secondary structure depicted in SI Fig. 5 ) confirm the assumption of a weak and transient interaction of the ligand with the nucleotides present in the core region of the ligand-free state of the purine riboswitch RNAs. However, ligand binding and the subsequent structural rearrangement is productive exclusively in the case of the specific ligand.
With respect to RNA folding, we describe here a general method to translate kinetic information into a structural description of the folding process. The appearance of an imino proton signal in the NMR spectrum shows that (i) the specific nucleotide acquires exchange protection, and (ii) it is locked into its native hydrogen-bonding interaction. This hydrogen-bonding interaction is often long-range in nature, and has been exploited here to use the kinetic information as a structural restraint in a restrained MD simulation.
After an initial low-affinity complex encounter, a two-step specific binding of the ligand to GSR apt could be resolved. In a faster process, the ligand binding pocket is formed that results in local stabilization of the three-way junction that anchors the two helical stems. Based on the MD simulations, this local stabilization in turn facilitates subsequent long-range stabilization of the loop-loop interactions. The emerging picture is consistent with a kinetic folding mechanism in which formation of the ligand binding core is presumably enthalpically driven, enabling the final folding step, which relies on tightening of the helix-helix orientation. Our NMR data provide a hypothesis that can be tested with additional experimental data such as the data concerning the folding characteristics of mutant riboswitch RNAs. Fig. 5 ) were synthesized by in vitro transcription and purified as described by Noeske et al. (36) . The unlabeled helix P2&P3 RNA construct was purchased from Dharmacon (Boulder, CO). Unlabeled rNTPs and 15 N-labeled rNTPs were purchased from Sigma-Aldrich (Munich, Germany) and Silantes (Munich, Germany), respectively. To use RNA for NMR studies, the RNA was exchanged into NMR buffer (25 mM potassium phosphate, pH Ϸ 6.2/50 mM potassium chloride).
Materials and Methods
Time-Resolved NMR Experiments. The NMR experiments were performed on an AV800MHz spectrometer (Bruker, Rheinstetten, Germany) with a 5-mm z-axis gradient TXI-HCN cryogenic probe at 283 K. The NMR data were analyzed by using the software TOPSPIN 1.3, felix2000 (Accelrys, San Diego, CA) and SigmaPlot 9.0. All NMR spectra were recorded in H 2 O/D 2 O (9:1) by using standard pulse sequences with WATERGATE water suppression (40) or jump-return-echo pulse sequences (41) . Light-induced reaction initiation was achieved by using a laser installation (28, 30) with direct coupling of a quartz fiber from a CW argon ion laser (Spectra-Physics, Darmstadt, Germany) into the NMR tube equipped with a quartz tip insert. Kinetic experiments were arranged as follows. The first 128 data points (eight scans, each point with an interval of 2.1 s) were recorded in the dark. The release of hypoxanthine was then induced by a laser irradiation of 1.5 s (350 nm, 4 W) followed by another 128 data points. After processing by Fourier transformation in F3, including exponential multiplication with a linebroadening factor of 20 Hz, phase correction, and baseline correction in F3, three to five spectra, which were recorded under identical conditions with 256 1D spectra, respectively, were summed to improve the signal-to-noise ratio of the kinetic studies (for further details, see SI Table 3 and SI Text).
Determination of Line Widths. NMR experiments were performed on a Bruker DRX600MHz spectrometer with a 5-mm z-axis gradient TXI-HCN probe. 1 H, 13 C-HSQC spectra with 13 C-and 15 N-decoupling during acquisition were recorded in H 2 O/D 2 O (9:1) at 283 K with 2,2-dimethyl-2-silapentane-5-sulfonate as an internal standard. In all experiments, a ligand-to-RNA ratio of 1:5 was used. The line widths of signals H2 and H8 of the ligand were extracted from the appropriately zero-filled 2D spectra and analyzed by deconvolution using TOPSPIN 1.3.
MD Simulation. To simulate the free state of GSR apt , we considered that helices P1, P2, and P3 are present and adopt a regular A-form helix based on the NMR data. Pseudodistance restraints for C-C distances up to 8 Å were used as input. Additionally, the same kind of restraints were used for the two base quadruples of the loop-loop interaction obtained from the crystal structure. The backbone torsions were loosely constrained (Ϯ60°) to values found for the deposited structural data. An ensemble of 100 structures was calculated with a simulated annealing protocol and the 20 lowest energy structures were analyzed. The protocol consisted of the following simulation steps: TAD-MD (torsion angle dynamicsmolecular dynamics) with (i) a high-temperature phase starting at T max ϭ 20,000, with 4,000 steps and time steps of 0.01 ps; (ii) a first slow cool annealing stage starting at T max ϭ 20,000 with 20,000 steps of 0.01 ps; (iii) a second slow cool annealing stage starting from T max ϭ 2,000 with 3,000 steps of 0.005 ps; and (iv) a subsequent minimization of eight cycles each with 1,000 minimization steps. A completely randomized RNA chain was used as the starting structure. Calculations were performed with CNX2005 from Accelrys (San Diego, CA). (Restraints are summarized in SI Table 2.) 
